Wohlers LM, Powers BL, Chin ER, Spangenburg EE. Using a novel coculture model to dissect the role of intramuscular lipid load on skeletal muscle insulin responsiveness under reduced estrogen conditions. Am J Physiol Endocrinol Metab 304: E1199 -E1212, 2013. First published April 2, 2013; doi:10.1152/ajpendo.00617.2012.-Reductions in estrogen function lead to adiposity and peripheral insulin resistance. Significant metabolic changes have been found in adipocytes and skeletal muscle with disruptions in the estrogen-signaling axis; however, it is unclear if intercellular communication exists between these tissues. The purpose of this study was to examine the impact of isolated adipocytes cocultured with single adult skeletal muscle fibers (SMF) collected from control female (SHAM) and ovariectomized female (OVX) mice. In addition, a second purpose was to compare differential effects of primary adipocytes from omental and inguinal adipose depots on SMF from these same groups. OVX SMF displayed greater lipid content, impaired insulin signaling, and lower insulin-induced glucose uptake compared with SHAM SMF without coculture. In the SHAM group, regardless of the adipose depot of origin, coculture induced greater intracellular lipid content compared with control SHAM SMF. The increased lipid in the SMF was associated with impaired insulin-induced glucose uptake when adipocytes were of omental, but not inguinal, origin. Coculture of OVX SMF with omental or inguinal adipocytes resulted in higher lipid content but no further reduction in insulin-induced glucose uptake compared with control OVX SMF. The data indicate that, in the OVX condition, there is a threshold for lipid accumulation in skeletal muscle beyond which there is no further impairment in insulin responsiveness. These results also demonstrate depot-specific effects of adipocyte exposure on skeletal muscle glucose uptake and further implicate a role for increased intracellular lipid storage in the pathogenesis of insulin resistance when estrogen levels are reduced.
adipocyte; ovariectomy RISK OF TYPE 2 DIABETES AND cardiovascular disease significantly increases with disruptions in ovary function or the estrogensignaling axis. A primary outcome of lost estrogen function is a significant increase in fat mass (i.e., adiposity) (13) (14) (15) , particularly in the visceral region (27, 29, 35, 60) . Current dogma suggests that the increased adipose tissue mass is a primary contributor to the development of the metabolic syndrome in women; however, few studies have directly assessed the impact of visceral or subcutaneous adiposity on peripheral tissue function.
Anatomical location of adiposity can dictate the impact of obesity on metabolic health. For example, visceral (i.e., omental) fat mass is strongly associated with insulin resistance independent of total body weight (52) , which is likely a result of the adipocytes being more lipolytically active than subcutaneous adipocytes (24, 28, 73) . Dogma suggests that a consequence of increases in visceral adipose tissue mass is greater lipid exposure to peripheral tissue, resulting in the development of insulin resistance. However, others have argued that increases in upper body subcutaneous adipose tissue are more detrimental to insulin function in peripheral tissue (33) . In addition, the release of endocrine factors termed "adipokines" offers an alternative explanation for the risk differences based on the anatomical location of the adipose tissue. Specifically, greater amounts of the insulin-sensitizing adipokines are released from subcutaneous adipose tissue than from visceral adipose tissue (73) , whereas visceral adipose tissue secretes more proinflammatory cytokines, contributing to the onset of insulin resistance (51, 75) . Collectively, a number of potential cellular mechanisms could link increases in adipose tissue mass to the development of peripheral insulin resistance in women with disrupted estrogen signaling.
Not only is the anatomical location of fat storage important but also the mechanism responsible for expansion of the tissue mass (73) . For example, an increase in adipocyte size is correlated with increased risk of metabolic disease (16, 49) , whereas enlargement due to an increase in adipocyte number is often associated with enhanced insulin sensitivity (8) . Significant increases in adipocyte size often lead to lipid overflow into circulation, contributing to the storage of excess lipid in insulin-sensitive tissues such as skeletal muscle and liver. We have previously shown that reductions in circulating estrogens lead to visceral adiposity coupled with elevations in basal lipolysis and increased circulating free fatty acids (77) , which was associated with significant increases in intramuscular lipid in skeletal muscle (31) , and a nonsignificant increase in stored hepatic triacylglycerol (TAG) (31) .
In sedentary individuals, large amounts of stored intracellular lipid in skeletal muscle are associated with impaired insulin-stimulated glucose uptake (37, 40) . Skeletal muscle accounts for ϳ80% of postprandial glucose uptake; therefore, reduced insulin-stimulated glucose uptake by skeletal muscle is a significant factor contributing to the onset of peripheral insulin resistance (11, 12) . Thus, it is logical to hypothesize that, under conditions of disrupted estrogen signaling, a significant interaction exists between the adipocyte and skeletal muscle cell that mediates the development of peripheral insulin resistance. However, to the best of our knowledge, this hypothesis has never been directly tested, creating a gap in our understanding of the relationship between adiposity and insulin function in skeletal muscle with respect to women's biology.
To this end, we developed a novel coculture system that allows placement of primary mature adipocytes and isolated single adult skeletal muscle fibers in the same culture dish without physical contact. This coculture approach is unique because both the adipocytes and single skeletal muscle fibers isolated from the animal express an adult phenotype in culture, rather than a developmental phenotype found in myotubes derived from satellite cells or preadipocytes from the stromal vascular fraction. Up to this point, myotubes and/or preadipocytes have been most commonly employed in coculture approaches. In this approach, the culture conditions are more applicable to physiological function of adult cells. We hypothesized that single muscle fibers from ovariectomized (OVX) mice would exhibit greater lipid content and associated impairments in insulin-induced glucose uptake compared with muscle fibers from age-matched control female mice (SHAM). In response to adipocyte coculture, we hypothesized that exposure of muscle fibers from OVX mice would result in greater lipid accumulation and increased development of insulin resistance as indicated by attenuated insulin-induced glucose uptake and insulin signaling compared with muscle fibers from SHAM mice. We predict this effect will be greatest when the adipocytes are derived from the visceral (i.e., omental) region compared with the subcutaneous (i.e., inguinal) region. By elucidating the intercellular signaling mechanisms that link adipocyte function to the regulation of skeletal muscle metabolism, it may be possible to develop new interventions for women experiencing metabolic conditions that arise due to ovary dysfunction.
METHODS

Animals.
For these experiments, we used a bilateral ovariectomy surgical approach (OVX) in adult female virgin mice (C57Bl/6; age of mice at OVX surgery 10 wk) to disrupt ovarian function and reduce circulating estrogen levels. The SHAM group was subjected to a SHAM surgery as previously described (36) . Our laboratory has previously shown that this model decreases the levels of circulating estrogens by ϳ70% within 48 h (63) and results in uterine tissue atrophy of 72% (31) albeit we did not measure estrogen levels in the media from the various cell culture conditions (see below). In addition, we have previously shown that the OVX mouse model exhibits numerous metabolic similarities to humans experiencing disruptions in their estrogen-signaling axis (66, 77) that is not a result of hyperphagia (4, 31, 57, 76) . Mice were given ad libitum access to water and standard rodent chow (Purina Laboratory Rodent Diet 5001: 23% protein, 4.5% fat, 6% fiber) and were housed in a temperature-controlled room on a 12:12-h light-dark cycle. Daily food intake was measured in a subset (see below) of mice until 8 wk after surgery. Due to tissue requirements and time constraints, three sets of age-matched animals were used for this study. The first set of mice was used to determine the time course and depot-specific changes in adipocyte size and adipocyte number in female mice following OVX (n ϭ 9 SHAM; n ϭ 9 OVX). Groups of mice were killed, and adipocytes were isolated 2, 4, or 8 wk postsurgery. Based on the results of set one, the second set of mice (n ϭ 10 SHAM; n ϭ 10 OVX for biochemical and Western blot analyses) and third set (n ϭ 5 SHAM; n ϭ 5 OVX for skeletal muscle fiber image analyses) were killed 8 wk postsurgery, and tissue was used for skeletal muscle fiber and adipocyte coculture experiments. All aspects of this study were approved by the University of Maryland Institutional Animal Care & Use Committee Review Board.
Adipocyte isolation. Primary adipocytes were isolated from omental (visceral fat pad) and inguinal (subcutaneous fat pad) adipose tissue according to the Rodbell technique with slight modifications (56) . Briefly, freshly prepared Krebs Ringer Buffer (KRB, pH 7.4) (24.6 mM NaHCO 3, 1.1 mM KH2PO4, 130.2 mM NaCl, 4.7 mM KCl, 2.54 mM MgSO4, 3.27 mM CaCl2, 5 mM dextrose, 0.02 M adenosine, and 4 mg/ml BSA) was equilibrated by bubbling with 95% O 2-5% CO2 for 10 min. Adipose tissue was removed and rinsed with KRB and then placed in a conical tube with 1 ml KRB plus 10 l of liberase blendzyme (Roche Applied Science, Indianapolis, IN) per gram of tissue. The conical tube containing the adipose tissue was then incubated in a shaking-water bath at 37°C and 80 rpm for 45-60 min or until adipose tissue was fully digested. Following digestion, fat was strained through 250 m mesh, and then the adipocytes were rinsed with fresh KRB buffer three times. Finally, the cells were left suspended in ϳ2 ml of KRB, and an aliquot was removed for adipocyte size determination.
Adipocyte size and number. Two separate aliquots of the adipocyte suspension were imaged under a standard light microscope at ϫ10 magnification and then analyzed using Image J software by a blinded investigator to measure adipocyte diameter [National Institutes of Health (NIH), Bethesda, MD]. The distribution of adipocyte sizes in each sample was determined and graphed by counting the number of cells from 30 to Ͼ100 m. A minimum of 300 adipocytes/sample from each animal was measured for cell size determination. Adipocyte number was calculated by using the radius of each cell to determine the adipocyte cell volume, which was then divided by the corresponding fat pad weight and multiplied by 0.948 g/ml (known adipocyte density) according to previously described methods (3, 57, 59) .
Adipocyte BODIPY staining. Adipocytes were incubated in 5 ml of KRB with 10 l of BODIPY 493/503 (1 g/ml in dimethyl sulfoxide) for 15 min. The adipocytes were rinsed three times with fresh KRB buffer before imaging using a Nikon Eclipse Ti-U fluorescent microscope (Nikon Instruments, Melville, NY).
Adult single skeletal muscle fiber isolation. Intact adult skeletal muscle fibers were isolated from the flexor digitorum brevis (FDB) muscle according to previously described techniques (46, 55) . Utilizing cultured single skeletal muscle fibers is advantageous because the fibers express an adult cellular phenotype compared with the commonly used C2C12 or L6 myotubes that express a cellular makeup that is dominated by an embryonic phenotype (2) . Briefly, surgically excised FDB muscles were incubated in dissociation media (DM) containing DMEM, 1% penicillin/streptomycin (pen/strep), and 2% FBS. FDB muscles were placed in a 40-mm dish with 3 ml of DM plus 100 l of liberase blendzyme (2.5 mg/ml stock; Roche Applied Science) and then in an incubator (37°C, 5% CO 2) for 2 h. Following the 2-h incubation, muscles were placed in a new 40-mm dish with fresh coculture media (DMEM ϩ 1% pen/strep, 2% FBS, 0.5% BSA, and 2 mmol/l L-carnitine) and triturated with a 1-ml pipette to dissociate the muscle into single FDB fibers. Following the trituration process, fibers were plated on extracellular matrix (ECM; Sigma Aldrich, St. Louis, MO)-coated six-well plates such that each well contained a total of 3 ml of coculture media plus fibers. Fibers were incubated for 2 h to allow adherence to the ECM before beginning the coculture experiment.
Coculture conditions. Single skeletal muscle fibers were isolated and adhered to the bottom of the well with ECM as described above. Coculture inserts were then placed in the wells with the muscle fibers. Subsequently, freshly isolated adipocytes were placed in the coculture inserts (300,000 cells/insert), thus preventing direct contact of two different cell types (Millipore, Billerica, MA). The base of the coculture inserts contained a permeable membrane with a pore size of 0.4 m, allowing for movement of circulating factors. The coculture combinations consisted of SHAM skeletal muscle fibers without adipocytes, OVX skeletal muscle fibers without adipocytes, SHAM skeletal muscle fibers with SHAM omental adipocytes, OVX skeletal muscle fibers with OVX omental adipocytes, SHAM skeletal muscle fibers with SHAM inguinal adipocytes, and OVX skeletal muscle fibers with OVX inguinal adipocytes. The number of adipocytes placed in the coculture well was based on results from preliminary experiments in which glycerol and nonesterified fatty acid (NEFA) release into the media did not exceed concentrations measured in mouse serum (77) . Adenosine was not added to the KRB buffer to allow for lipolysis to occur in the adipocytes. The appropriate volume of packed adipocytes was added to the coculture wells after the fibers were allowed to adhere to the ECM for 2 h, and the coculture was maintained for 24 h.
Insulin stimulation. Following the overnight coculture, coculture inserts containing the adipocytes were removed from the six-well plates, and fibers were placed in serum-free media and returned to the incubator for 5 h. After 5 h, one well from each condition was stimulated with insulin (50 nM), with the other well from each condition serving as an unstimulated (basal) control. The 50 nM concentration was chosen based on values reported in the literature (41, 42, 67) , as well as from pilot experiments in which we found that doses higher than 50 nM did not elicit a further increase in protein kinase B (Akt) phosphorylation after 30 min (data not shown). Fibers were returned to the incubator for 30 min before isolation of protein.
We chose 30 min of treatment, since maximal GLUT-4 translocation in skeletal muscle has been observed after 20 -30 min of insulin exposure (43) and we found in pilot experiments that phosphorylation of insulin signaling targets peaked at 30 min (data not shown).
Protein isolation. Following the coculture and insulin stimulation, protein was isolated from the skeletal muscle fibers to assess the activation of the insulin-signaling pathway. Immediately after insulin stimulation, media was removed, and 300 l of ice-cold Mueller buffer (0.1% Triton X-100, 4 mM EGTA, 10 mM EDTA, 15 mM Na 4P2O7H2O, 100 mM ␤-glycerophosphate, 25 mM NaF, 5 mM Na3VO4, and 1 protease inhibitor tablet/10 ml; Roche) were placed in the well with the fibers. The cells were scraped, and the Mueller buffer containing the fibers was drawn off and placed in ice-cold microcentrifuge tubes. To ensure complete cellular disruption, the fibers were homogenized with a plastic dounce (Kimble & Kontes, Vernon Hills, IL) and then placed in a Ϫ80°C freezer overnight. The following morning, the homogenates were thawed on ice and then vortexed and rocked at 4°C for 1 h, with additional vortexing every 15 min. Protein concentration was determined for each sample according to the BCA protein assay method (Thermo Fischer Scientific, Rockford, IL).
Western blotting. Equal amounts of total protein were resolved on either 10% or 4 -15% SDS-PAGE criterion gels (Bio-Rad, Hercules, CA) according to previously published methods (77) . Membranes were probed with antibodies for phospho (p)-Akt (Ser 473 ), total Akt, p-glycogen synthase kinase (GSK)-3␤ (Ser 9 ), total GSK-3␤, hexokinase (HK) II (Cell Signaling, Danvers, MA), and GLUT-4 (Abcam, Cambridge, MA). Images were quantified with Image J software (NIH), and all phosphorylated targets were normalized to their respective total protein. In addition, HKII and GLUT-4 were normalized to myosin as previously described (47) .
Glycerol and NEFA. Media samples were collected after 1 and 24 h of coculture. Media levels of glycerol were measured using a free glycerol determination kit from Sigma (Sigma Aldrich), and NEFA was measured using a kit from Wako Diagnostics (Wako Diagnostics, Richmond, VA).
Glucose uptake. Glucose uptake was measured using the fluores-
. 2-NBDG has been successfully used as an alternative to 2-deoxyglucose in the measurement of glucose uptake in multiple cell types, including skeletal muscle (26, 42, 78, 80) . In preliminary experiments, treatment with either the GLUT inhibitor cytochalasin B or the phosphatidylinositol 3-kinase inhibitor LY-294002 completely inhibited insulin-induced glucose uptake in the skeletal muscle fibers (data not shown). For measurement of 2-NBDG uptake, coculture was conducted as described above. Following the 24-h coculture period, adipocytes were removed, and fibers were placed in serum-free DMEM for a serum starvation period of 5 h. After serum starvation, fibers were rinsed three times with KRB (in mM: 135 NaCl, 10 NaHCO3, 5 KCl, 3 CaCl2, 2 MgSO4, and 1.2 NaH2PO4), and one-half of the wells underwent a 30-min pretreatment with 50 nM insulin, whereas the other one-half served as the unstimulated (basal) wells. During these 30 min, the plate was returned to the incubator. After the 30-min pretreatment, all wells were treated with 50 M 2-NBDG for 30 min, with the insulin-treated wells receiving 50 nM insulin treatment along with the 2-NBDG. During the 2-NBDG treatment, the plate was covered in foil and underwent gentle agitation at room temperature. After 2-NBDG treatment, wells were washed with 3ϫ Ringer buffer. After rinsing, all Ringer buffer was removed, and 100 l of ice-cold cell buffer (40 mM KCl, 20 mM Tris-base, and 1% Nonidet P-40; pH 7.4) were added to each well and gently agitated for 10 min, at which point the cells and buffer were transferred to a black 96-well plate. The 2-NBDG fluorescence was quantified on a fluorescent plate reader (BioTek, Winooski, VT) at an excitation of 438 nm and emission of 535 nm. The 2-NBDG values were normalized to total myosin as previously described (47) .
Lipid droplet staining in the skeletal muscle fibers. Fluorescent staining of the skeletal muscle fibers was conducted according to previously published techniques (65) using BODIPY 493/503 to stain neutral lipid droplets (LD) within the muscle fibers (Invitrogen, Cambridge, MA) and 4,6-diamidino-2-phenylindole (DAPI) to label myonuclei (Invitrogen). Following the 24-h coculture period, fibers from each condition were placed on an ECM-coated glass bottom plate (MatTek, Ashland, MA). Cells were incubated with Ringer buffer containing BODIPY 493/503 (1:1,000) and DAPI (1:5,000) for 30 min. After 30 min, the fibers were rinsed three times with fresh Ringer buffer and imaged using a Zeiss AxioObserver Z1 fluorescent microscope (Carl Zeiss MicroImaging, Jena, Germany). A total of five fibers/muscle/animal/coculture condition were imaged. All fibers were z-stacked to determine fluorescent distribution of LD and nuclei throughout the fiber. As previously described (54), LDs were quantified on the surface and 6 m within each fiber at three randomized areas using Image J software (NIH). No quantifiable differences in BODIPY 493/503 signal were detected between surface and 6-m sections in any muscle fiber; therefore, the two were averaged for the final data analysis for all muscle fibers and groups.
Cytokine/adipokine analysis of media. Measurement of interleukin (IL)-10, IL-6, monocyte chemotactic protein (MCP)-1, tumor necrosis factor (TNF)-␣, adiponectin, and leptin in the coculture media was conducted using a multianalyte enzyme-linked immunosorbent assay system according to the manufacturer's directions (Luminex, Austin, TX). All samples were measured in duplicate on the same plate with the coefficient of variation within samples being Ͻ5%. Briefly, 200 l of assay buffer were added to each well of a 96-well filter plate (Millipore). After 10 min of shaking, the plate was vacuumed, and 25 l of assay buffer were added to each well, followed by 25 l of standard/sample. Next, 25 l of a mixture containing the appropriate cytokine (1:50 dilution) conjugated to beads was added to the wells, and the plate was placed on a shaker at 4°C overnight. The following day, the plate was vacuumed, and 200 l of wash buffer were added to each well. The wash buffer was vacuumed off, and the washes were repeated two more times. Following the last vacuum of wash buffer, 25 l of detection antibody were added to each well, and the plate was then placed back on the shaker for 30 min. After the 30 min, three more rounds of washing were performed, followed by the addition of 150 l of Sheath Fluid to each well. The plate was read using a Luminex 100 plate reader and Softmax Pro Software, and then the data were calculated using Bio-Rad software (Bio-Rad). All data were normalized to the total protein detected in the sample.
Statistics. Statistical analysis was conducted using two-way ANOVA, a one-way ANOVA, or t-tests where appropriate. When post hoc tests were appropriate, Student-Newman-Keuls was used. All analyses were completed with Sigma Stat statistical software (Systat Software, San Jose, CA). Statistical significance was accepted at an ␣-level of P Յ 0.05. than the SHAM mice ( Table 1 ). The mass of the omental and inguinal adipose tissue was significantly greater in the OVX mice compared with the SHAM mice ( Table 1 ). In addition, while no differences were detected between the omental and inguinal adipose tissue masses in the SHAM mice, omental fat mass was significantly greater than inguinal fat mass in the OVX mice. The average daily food intake was significantly reduced by ϳ20% in the OVX mice compared with the SHAM mice over the 8 wk (Table 1) .
Adipocyte size. It is well recognized that OVX results in increased visceral fat mass; however, there is little documentation concerning changes in individual adipocyte size and/or cell number across fat pads after the OVX surgery. Thus, changes in adipocyte size and number were investigated in omental and inguinal adipose tissue from SHAM and OVX mice at 2, 4, and 8 wk after surgery. Average omental adipocyte size was significantly greater in OVX mice compared with SHAM mice 8 wk after OVX surgery (Fig. 1A) . When adipocyte size was plotted as a frequency histogram (Fig. 1, C  and D) , the data revealed a rightward shift in the distribution of adipocytes from OVX animals, indicating an increasing percentage of cells with a large diameter, which was most pronounced at the 4-and 8-wk time points. In contrast, there was no difference in the omental adipocyte size distribution in the SHAM animals across all time points (Fig. 1C) .
Average inguinal adipocyte size was significantly greater in the OVX animals compared with the SHAM animals at both the 4-and 8-wk time points ( Fig. 2A) . At the 2-wk time point, no difference in average inguinal adipocyte size was observed between SHAM and OVX animals. When adipocyte size was plotted as a frequency histogram (Fig. 2, C and D) , the data revealed a rightward shift in the distribution of adipocytes from OVX animals that was most apparent at the 4-and 8-wk time points. In contrast, there was no difference in the inguinal adipocyte size distribution in the SHAM animals across all time points.
No differences in omental or inguinal total adipocyte number were detected between SHAM and OVX animals at any time point (Fig. 3, A and B) . Thus the increase in adipose tissue mass is largely due to an increase in adipocyte size rather than an increase in number of adipocytes.
We previously had found that adipose tissue in the OVX mice exhibited loss of regulatory control over basal lipolysis, resulting in elevations of NEFA in the circulation (77 directly test the possibility that skeletal muscle in the OVX mouse is susceptible to excess lipid storage under conditions of increased NEFA exposure, we developed a novel coculture model that employs mature adipocytes and intact single skeletal muscle fibers. Because we determined that 8 wk post-OVX surgery resulted in a detectable significant increase in adipocyte size, all coculture experiments were conducted at this time point.
Intracellular lipid content in single fibers. In single fibers that were not exposed to adipocytes (i.e., control condition), lipid content was significantly greater by 57% in the OVX mice compared with SHAM (Fig. 4, A and B) . Coculture of SHAM skeletal muscle fibers with omental or inguinal adipocytes resulted in significantly more lipid content compared with the SHAM and OVX control condition (Fig. 4, A and B) . Coculture of OVX skeletal muscle fibers with omental or inguinal adipocytes resulted in significantly greater lipid content than OVX control fibers. Furthermore, OVX omental coculture was significantly greater by 85% than the SHAM omental coculture. Interestingly, unlike SHAM coculture, OVX omental coculture resulted in significantly greater skeletal muscle fiber lipid content than inguinal coculture (Fig. 4, A and B) .
Coculture media analysis. Glycerol and free fatty acid concentrations were measured after 1 and 24 h of coculture to assess the media that single muscle fibers were exposed to ( Table 2) . For omental and inguinal adipocytes isolated from both the SHAM and OVX groups, 24 h of coculture resulted in higher glycerol levels compared with media collected at the 1-h time point. After 24 h, glycerol in the OVX omental coculture was significantly greater than the OVX inguinal coculture, with a similar trend observed in the SHAM omental coculture compared with media from SHAM inguinal coculture; however, it did not reach statistical significance (P ϭ 0.06) ( Table 2) . At the 1-h time point, NEFA levels were undetectable in SHAM omental and inguinal media, with levels still undetectable in the SHAM omental media after 24 h (Table 2) . NEFA was detectable in coculture media of both OVX conditions at the 24-h time point but not the 1-h time point. NEFA levels were significantly different between the SHAM and OVX groups in the inguinal condition at 24 h, with no other differences detected between SHAM and OVX. Insulin-induced glucose uptake. In the control fibers (no adipocyte exposure), glucose uptake in OVX fibers in the basal state (no insulin treatment) was significantly greater than that of SHAM fibers (Fig. 5) . In response to insulin stimulation, SHAM control fibers displayed significantly greater glucose uptake compared with the basal state. However, in the control condition, the muscle fibers from the OVX animals did not demonstrate a significant increase in glucose uptake in response to insulin stimulation compared with the OVX basal condition. In addition, insulin stimulation of single skeletal muscle fibers from the OVX animals resulted in significantly lower glucose uptake compared with the insulin-stimulated fibers from the SHAM animals. Coculture of single skeletal muscle fibers with omental adipocytes resulted in a significantly lower insulin-induced glucose uptake response in the SHAM skeletal muscle fibers. However, in SHAM skeletal muscle fibers cocultured with inguinal adipocytes, the response to insulin was preserved. Compared with the basal values, exposure of either omental or inguinal adipocytes did not have a significant impact on basal or insulin-induced glucose uptake in OVX fibers (Fig. 5) .
Insulin signaling. Phosphorylation of residue Ser 473 Akt is a critical step in insulin-stimulated GLUT-4 translocation (21) and required for complete activation of Akt (64) . Insulin exposure (50 nM; 30 min) resulted in significantly greater Akt phosphorylation (Ser 473 ) compared with the basal condition in SHAM control fibers (Fig. 6) . A significant increase in Akt phosphorylation (Ser 473 ) was also observed in response to insulin in the OVX fibers; however, insulin-stimulated Akt phosphorylation was significantly attenuated by 58% compared with insulin-treated SHAM control fibers (Fig. 6) . Insulin induced a significant increase in Akt phosphorylation in fibers from both SHAM and OVX animals cocultured with adipocytes from either the omental or inguinal depot; however, the magnitude of the response was blunted by ϳ40 -50% in the coculture conditions compared with insulin-treated SHAM control fibers. In OVX fibers, insulin-induced Akt phosphorylation in both omental and inguinal adipocyte coculture conditions was not different from the insulin response of the OVX control fibers.
In the control condition, muscle fibers isolated from SHAM and OVX animals displayed significantly greater phosphorylation of GSK-3␤ (Ser 9 ) in response to insulin compared with their corresponding basal condition (Fig. 7) . Fibers from the SHAM group that were cocultured with either omental or inguinal adipocytes exhibited no difference in phosphorylation of GSK-3␤ in response to insulin stimulation compared with the basal condition (P ϭ 0.07). However, in the SHAM group, the magnitude of GSK-3␤ phosphorylation in response to insulin appeared to be lower following inguinal coculture compared with the control condition (P ϭ 0.07). In OVX control fibers and fibers cocultured with omental adipocytes, there was a significant increase in GSK-3␤ phosphorylation in response to insulin stimulation. However, inguinal adipocyte coculture completely abolished the insulin-induced GSK-3␤ phosphorylation in the OVX group (Fig. 7) .
In skeletal muscle, the primary glucose transporter is GLUT-4 (79) . No difference in GLUT-4 protein content was detected between SHAM and OVX control fibers, and there was no effect of adipocyte coculture on GLUT-4 protein content in either SHAM or OVX fibers (Fig. 8A) . HK catalyzes the conversion of glucose to glucose 6-phosphate upon glucose entry into the cell. Multiple isoforms of HK exist, with HKII the primary isoform detected in skeletal muscle (110, 141) . No difference in HKII content was detected between SHAM and OVX control skeletal muscle fibers (Fig. 8B) . In fibers isolated from SHAM animals, neither omental nor inguinal adipocyte coculture affected muscle fiber HKII protein content compared with muscle fibers in the control condition. However, muscle fibers isolated from OVX animals exhibited significantly lower HKII content in both the omental and inguinal cocultured conditions compared with muscle fibers in the control condition (Fig. 8B) .
Adipokine concentrations. To assess the release of paracrine factors from the adipocytes in the coculture system, IL-6, MCP-1, interferon-␥-induced protein-10, TNF-␣, adiponectin, and leptin levels were assessed in the media (Table 3) . These factors were selected because of their reported roles as adipokines acting to facilitate or inhibit insulin signaling. Only adiponectin and IL-6 were readily detectable above baseline in the coculture media, with no differences in concentrations found between SHAM and OVX coculture conditions with either inguinal or omental adipocytes (Table 3) .
DISCUSSION
Here we demonstrate that, compared with SHAM animals, OVX animals exhibit greater intracellular lipid content, impaired insulin-induced glucose uptake, and lower insulin-induced phosphorylation of Akt in isolated single adult skeletal muscle fibers. The use of the coculture model with primary adipocytes did not further exacerbate the decrement in insulininduced glucose uptake in the OVX group. However, omental and inguinal adipocytes from SHAM animals cocultured with single skeletal muscle fibers from SHAM animals resulted in greater skeletal muscle fiber lipid content, but only the omental coculture exhibited impaired insulin-induced glucose uptake. Both omental and inguinal adipocyte coculture resulted in lower insulin-induced phosphorylation of Akt compared with SHAM control fibers. No changes in GLUT-4 protein were detected across groups; however, both omental and inguinal coculture in the OVX group resulted in lower total HKII protein content compared with OVX control fibers. These data suggest that disruptions to the estrogen-signaling axis (i.e., ovary removal) result in increased skeletal muscle intracellular lipid accumulation and reduced insulin action in skeletal muscle that was not exacerbated by further lipid accumulation. In addition, the data demonstrate the use of a novel coculture approach for studying paracrine-signaling factors that enable intercellular communication between adipocytes and skeletal muscle.
A disruption in ovarian function, regardless of insult, results in concurrent alterations in body composition and body fat distribution that place women at an increased risk for the development of obesity-related conditions. Using the welldescribed OVX model to disrupt ovary function, we observed a higher body weight compared with SHAM mice that was largely mediated by greater adipose tissue mass (i.e., omental and inguinal). These data are in agreement with previous reports from our laboratory and that of others (10, 57, 77) . This accumulation of omental adipose tissue is also observed in human females experiencing alterations in the estrogen-signaling axis (6, 29) , which is of particular concern given the relationship between omental adiposity and the onset of the metabolic syndrome, insulin resistance, and cardiovascular disease (5) . Interestingly, the increase in adipose tissue mass occurs in the OVX group even though food consumption is significantly lower compared with the SHAM group. The reduced energy consumption is in agreement with other groups using the OVX mouse (72) . This suggests the adiposity is likely the result of reduced energy expenditure, which is evident in the OVX mouse model in the form of reduced cage activity and low voluntary running distances (32, 57) .
In OVX mice, we found that the expansion of both omental and inguinal adipose tissue is mediated by adipocyte hypertrophy without changes in adipocyte number. Others have reported similar adipocyte hypertrophy in the OVX model; however, these studies only investigated a single time point after ovary removal, and focused on different fat depots (10, 57) . Because omental (i.e., visceral) fat mass is a significant contributor to the relationship between adiposity and metabolic disease in postmenopausal women (38) , investigation of this depot in the OVX model is important. Thus, our findings provide novel insight into the impact of lost ovarian function on the time course of adipocyte hypertrophy across multiple fat depots. As a point of reference, while adipocytes from OVX animals in our study were significantly larger than SHAM adipocytes, the adipocytes on average were smaller than values found in the ob/ob mouse model or mice on a high-fat (60% fat) diet. Libinaki et al. report average epididymal adipocyte diameter of 138 m in mice following 32 wk of high-fat feeding and an average diameter of 127 m in ob/ob mice (45) .
Others have previously proposed using various obesity models that adipocyte hypertrophy results in fatty acid overflow and the development of lipotoxicity in insulin-sensitive tissues (71) . Our previous results demonstrated a loss of lipolytic control in the adipocytes of OVX animals (77) , which is likely the result of the significant adipocyte hypertrophy. We also found that the OVX model exhibits enhanced intracellular lipid accumulation in skeletal muscle (31) , which suggests that changes in adipocyte function may be responsible for increasing lipid deposition in skeletal muscle. To address the concept of adipocyte overflow in the OVX model, we developed a coculture system whereby primary adult adipocytes and pri- ) was not different in single skeletal muscle fibers from the OVX animals compared with the SHAM animals. Coculture of omental and inguinal adipocytes resulted in moderate to minimal reductions in insulin-induced GSK-3␤ phosphorylation in single muscle fibers from SHAM and OVX animals. Basal and insulin-stimulated conditions (50 nM for 30 min). Data are presented as phosphorylated GSK-3␤ divided by total GSK-3␤ content (means Ϯ SE). Black bars, SHAM fibers; hatched bars, OVX fibers. Representative blots are depicted for each condition; n ϭ 10 animals/condition. *Significantly different from respective basal condition (P Յ 0.05). #Significantly different from OVX control ϩ I (P Յ 0.05).
mary adult single skeletal muscle fibers were placed in the same culture well, separated physically by a permeable membrane. In agreement with our previous work and that of others, we found evidence for increased fatty acid levels in the culture media from the adipocytes isolated from the OVX mice compared with the SHAM animals (10, 77). Our results would suggest a form of incomplete hydrolysis of the TAG occurred due to differences in the NEFA between SHAM and OVX groups that are not matched in glycerol content. These results are in agreement with our previous findings of increased ATGL function in adipose tissue of the OVX group. Our data also suggest fatty acid content in the culture media differed depending on which fat pad the adipocytes were derived from before the coculture. In addition, inguinal adipocytes from OVX animals exhibited higher NEFA media content compared with inguinal adipocytes from SHAM, which concurs with previous results from another model of obesity (28) . However, it should be noted that these results should not be interpreted as measures of lipolytic rate due to the potential for fatty acids to be either reesterified by adipocytes or to be sequestered by the skeletal muscle fibers.
Under control conditions, the OVX mice exhibit a significantly higher intracellular lipid content in single muscle fibers compared with muscle fibers from SHAM mice. The higher intracellular lipid content of muscle fibers from the OVX mice in the control condition compared with muscle fibers from the SHAM mice is in line with observations from our laboratory and has recently been reported by another group (31, 34) . Exposure of skeletal muscle fibers from the SHAM mice to omental and inguinal coculture resulted in higher intracellular lipid content compared with control fibers from SHAM and OVX mice. Interestingly, the single muscle fibers from the OVX mice that were exposed to omental coculture exhibited lipid content that was significantly higher than all other conditions. These data suggest that muscle fibers from OVX mice are either more likely to incorporate fatty acid species released from the omental region or that omental adipocytes are more lipolytically active than inguinal adipocytes when cultured in vitro. With respect to the former, this would imply that there are differences in the species of fatty acids released from the omental region, which is possible, since previous studies have reported depot-specific differences in fatty acid composition (19, 20) . However, it is more likely that the latter possibility would explain the difference since previous research has shown that omental adipocytes are more lipolytically active than inguinal adipocytes (48) . Collectively, these findings demonstrate that skeletal muscle fibers from OVX mice have greater intracellular lipid content compared with SHAM mice and that muscle fibers from OVX mice are more susceptible to lipid overload than muscle fibers from SHAM mice. Finally, the data also demonstrate the value of this coculture model for studying skeletal muscle and adipocyte cellular interactions outside of the OVX model. However, it should be noted that this coculture approach does not account for immune cells within the adipose tissue of the OVX model, which previous work has shown to be an important regulator of metabolic function as well (72) .
Excessive intracellular lipid accumulation in skeletal muscle in sedentary individuals has been shown to impair insulin function and potentially contribute to insulin resistance. However, it is unclear if a similar relationship exists under conditions where estrogen levels are reduced. Our data indicate that, in the control conditions, the skeletal muscle fibers from SHAM mice exhibited low lipid content and a significant insulin-induced glucose uptake response. However, the insulin response was significantly impaired in control fibers from OVX animals that had significantly higher lipid content. Our finding of lower insulin-induced glucose uptake in skeletal muscle fibers from OVX mice is in line with other studies reporting reduced glucose uptake in whole skeletal muscle of OVX animals compared with SHAM (22, 53, 58) . In SHAM skeletal muscle fibers, the omental adipocyte coculture blunted the insulin-induced glucose uptake response, which was associated with significantly higher lipid content. In contrast, SHAM skeletal muscle fibers exposed to inguinal coculture did not demonstrate any deficiency in insulin-induced glucose uptake even though the coculture resulted in increased intracellular lipid content. In the mouse, the inguinal fat pad is subcutaneous fat, and previous work has suggested that increases in subcutaneous fat mass do not correlate with the development of insulin resistance (1). Thus, it possible that there are specific effects of adipocyte exposure on the muscle cell that are dependent upon the depot origin of the adipocytes. These data clearly suggest that increases in lipid content within a muscle fiber do not always correlate with reduced insulin responsiveness in skeletal muscle. The theory of lipotoxicity proposes accumulation of lipid may concurrently result in the accumulation of lipid products such as diacylglycerol and ceramide (30, 44) , which can impair insulin function in skeletal muscle (7, 30) . However, recent data have questioned this theory (40) , and our data would suggest that the relationship is indeed more complicated than lipid accumulation alone, and more factors need to be considered to accurately interpret this relationship. Increasing the lipid exposure of the fibers from the OVX animals did not exacerbate the insulin response, in that the coculture approach resulted in substantially more lipid content without a further decrement in the insulin response. These data may suggest that, in the OVX condition, there is a threshold point for lipid accumulation that is associated with impaired insulin function in skeletal muscle.
Based on the alterations in glucose uptake observed in SHAM and OVX fibers, we investigated the phosphorylation status of key regulators of insulin-induced glucose uptake in skeletal muscle. In control OVX fibers, the magnitude of Akt phosphorylation in response to insulin was reduced compared with SHAM fibers, corresponding with our observations for insulin-induced glucose uptake. These results are similar to others reporting reductions in insulin-stimulated Akt phosphorylation and glucose uptake in OVX skeletal muscle (53) . In SHAM fibers, insulin-induced Akt phosphorylation was lower following omental coculture compared with SHAM control fibers, corresponding to lower insulin-induced glucose uptake values. Interestingly, insulin-induced phosphorylation of Akt was lower in the SHAM inguinal coculture compared with SHAM control despite normal insulin-induced glucose uptake. Thus, it is possible that inguinal adipocyte exposure results in activation of an undefined alternative insulin-sensitive pathway in SHAM skeletal muscle fibers, or the exposure of fibers to insulin-sensitizing adipokines plays a role. Unfortunately, at this point, we have yet to identify a signaling protein that could explain this response, and we found no differences in insulinsensitizing adipokine (i.e., adiponectin) concentrations across conditions.
Another insulin-sensitive signaling protein, GSK-3␤, plays an important role in the cellular fate of glucose. In response to insulin stimulation, GSK-3␤ is phosphorylated by Akt at Ser 9 , thus removing cellular inhibition of glycogen synthase and facilitating glycogen storage (68) . In our study, we found minimal differences in basal and insulin-stimulated GSK-3␤ phosphorylation between SHAM and OVX groups in the control and omental coculture conditions. In contrast, the inguinal coculture condition, for reasons we have yet to define, OVX fibers displayed lower insulin-induced GSK-3␤ phosphorylation than control fibers, which agrees with findings of reduced GSK-3␤ phosphorylation in skeletal muscle when exposed to excess circulating lipid (17) . GSK-3␤ is often thought of as a substrate for Akt, thus it is a bit surprising that we did not see greater reductions in the phosphorylation content of GSK-3␤. However, using an adipocyte-conditioned media approach, others have found significant decreases in Akt phosphorylation that did not translate into large decreases in GSK-3␤ phosphorylation (61) . The disconnect between the phosphorylation status of Akt and GSK-3␤ is not uncommon in the literature, with another publication finding significant reductions in Akt phosphorylation and no to minor effects on GSK-3␤ phosphorylation (62) . Because glucose may either be stored or metabolized upon uptake, it is possible that coculture impacted the fate of glucose in a depot-specific fashion; however, further investigation is necessary to determine the impact of coculture on the cellular metabolism of glucose in skeletal muscle fibers.
Glucose uptake in skeletal muscle is ultimately mediated by induction of GLUT-4 translocation, which facilitates the uptake of circulating glucose (74) . Here we have found no effect of either OVX or of adipocyte coculture on total GLUT-4 protein content. Some studies have reported reduced GLUT-4 protein content in OVX skeletal muscle (58) , whereas others have found no effect of OVX (25, 50) . Reduced skeletal muscle GLUT-4 translocation in rats following ovary removal has been reported by Rincon et al. (55) ; thus, it is possible that impaired GLUT-4 translocation, rather than total protein content, may explain alterations in glucose uptake in OVX fibers and in SHAM fibers following omental adipocyte coculture. Thus, a critical future direction for this research will be assessing the regulation of GLUT-4 translocation in the OVX animals.
HKII also plays a critical role in skeletal muscle glucose uptake, phosphorylating glucose to glucose 6-phosphate upon entry in the cell and thus enhancing glucose uptake. Increased fatty acid exposure can impair glucose flux through glycolysis by reducing HK activity, suggesting a sensitivity to lipid-based insults (70) . We found significant reductions in total HKII protein content in OVX fibers following coculture with both omental and inguinal adipocytes, but no effect of OVX alone, or of adipocyte coculture on SHAM fibers. This finding is likely important since heterozygous ablation of HKII in mice suppresses whole body insulin action and insulin-stimulated skeletal muscle glucose uptake (18) . Additionally, in both obese and type 2 diabetic states, skeletal muscle expression of HKII is reduced in humans (9) . In another coculture model, reduced HKII mRNA expression in primary myotubes following adipocyte coculture has also been reported (39) . Interestingly, we only found significantly lower HKII protein content in the OVX coculture condition, suggesting an increased susceptibility of the OVX fibers to lipid insult compared with skeletal muscle fibers from the SHAM animals. This difference in the HKII response to coculture could be dictated by differential fatty acid species (e.g., high levels of palmitic acid) released from the OVX adipocytes or increased skeletal muscle susceptibility to lipid exposure in the OVX group. It should be pointed out that the loss of HKII did not translate into a further decrease in insulin-induced glucose uptake; however, it is unclear what the implications for a lipid-induced decrease in HKII function would mean over a longer duration of time, since our culture duration was short in duration.
Many of our findings suggest that the in vitro effects of adipocyte exposure on skeletal muscle are dependent upon the in vivo environment from which adipocytes were derived, which is in agreement with results from others using a similar coculture approach (39) . Taken together, OVX results in skeletal muscle lipid deposition and impaired insulin responsiveness, suggesting a role for lipotoxicity in mediating the onset of insulin resistance when the estrogen-signaling axis is disrupted due to surgical ovary removal. These data have important implications for women, independent of age, electing to undergo oophorectomy or who experience loss of estrogen function resulting in a significant increase in the risk of metabolic disease. Based on studies utilizing aromatase knockout and estrogen knockout mice, as well as in vivo stimulation of the estrogen receptor, there is evidence that reduced estrogens may be the link between ovarian dysfunction and skeletal muscle insulin resistance (23, 27, 35, 69) . However, because OVX results in multiple hormonal changes (i.e., follicle-stimulating hormone, inhibin, androstenedione, etc.), we cannot rule out the contribution of other circulating factors to impaired insulin responsiveness in our model. Future studies that we are currently conducting using this approach are expected to elucidate some of these answers by matching adipocytes from OVX animals to single skeletal muscle fibers from SHAM animals and vice versa. Further elucidation of the interaction between ovarian hormones, adiposity, and the skeletal muscle response to insulin is crucial considering the increased prevalence of insulin resistance and type 2 diabetes and the absence of a widely accepted treatment for females with reduced ovarian function.
